We study the extended acoustic-phonon modes in a cylindrical GaAs quantum wire embedded in bulk AlAs. There are two kinds of resonant acoustic-phonon modes related to the wire dimensions:
I. INTRODUCTION
Transport phenomena of carriers confined in quasi-onedirnensional (Q1D) quantum wires have been extensively studied experimentally and theoretically, because of the possible high electron mobility owing to the dimensional carrier confinement. The QlD wire structures modify not only electronic states, but also phonon modes.
It is known that, in an embedded quantum wire within another material (e.g. , a GaAs wire surrounded by A1As), there are two kinds of optical phonon modes referred to as confined and excluded optical phonon modes. In addition to these optical phonon modes, the interface optical phonon modes exist at the wire-surrounding interface and contribute to electron scattering as do the confined optical phonons.
In contrast to the optical phonons, acoustic phonons were assumed to be the usual bulk acoustic phonons with a three-dimensional (3D) bulk character in the studies of electron-acoustic-phonon scattering, except in a freestanding wire, ' although the acoustic-phonon modes were expected to be modified due to the QlD wire structures as well. In a previous paper, the present author analytically showed the existence of two kinds of acousticphonon modes, confined and interface acoustic-phonon modes, bound to a cylindrical quantum wire surrounded by another material. The Q1D wire structures will also modify extended acoustic-phonon modes. The extended acoustic-phonon modes are coupled modes of longitudinal (LA) and transverse acoustic (TA) waves, due to the Q1D wire structures, as well as the confined and interface phonon modes, and resonant phonon modes related to the wire dimensions are expected to appear.
The resonant phonon modes will modulate displacement in the wire region. As a result, the electron-acousticphonon couplings are changed, which will afFect electron scattering. Thus, the modifications in the extended phonon modes are expected to cause further modifications in related carrier transport phenomena. The extended acoustic-phonon inodes of the Q1D wires and their resonant modes have not been examined yet. In this paper, we analytically investigate the extended acousticphonon modes of a quantum wire embedded within another bulk material and make clear the resonant acousticphonon modes in the Q1D wire-surrounding systems. Figure 1 shows the geometry of the quantum wire-surrounding system. Since the isotropic stiffness matrix has the same form in cylindrical and rectangular coordinates, the matrix elements are converted to abbreviated subscript notation by the relations 1 = rr, 2 = PP, 3 = zz, 4 = zP, 5 = rz, 6 = rP.
The displacement vector u. is expressed in terms of the scalar potential P o and two vector potentials % i and 2 as u =V/ 0+9'x@ i+9'xV'x4' 2.
(1) 
where n is an integer denoting the n-fold rotational symmetry of the function about the wire axis, q the wave vector in the longitudinal direction, and~an angular frequency.
Substituting Eq. (3) into (2) Fig. 2 (12), we assume the surrounding medium to be a cylinder with radius R"which is taken to be infinite after integration. The ratio E gives the ratio of the squared envelope of the amplitude in the wire to that in the surrounding medium at the wire-surrounding interface. E should be unity unless we take into account the efFects of the @ID wire structures on phonon modes. Therefore the phonon modes, when E ) 1, are concentrated in the wire region in comparison with those of the plain bulk systems without the @ID wire structures. On the other hand, the phonon modes are suppressed in the wire for E ( 1. In contrast to these cases, the phonon modes for E = 1 are entirely extended in both the wire and surrounding medium like bulk phonon modes in the plain bulk systems.
The E of the torsional extended phonon mode versus frequency is plotted for R = 100 A in Fig persions of the resonant torsional modes and torsional phonon mode of a free-standing wire with the same radius, respectively. The dispersions of the resonant modes almost coincide with those of the torsional phonon mode of a free-standing wire.
In the shaded &equency region~( q vA1A, TA in Fig. 4 , acoustic phonons are confined to the quantum wire and the dispersions of the confined phonon modes have subband structures.
F diverges for the confined modes.
Then the sharpening of the peaks for the extended phonon modes near the bulk-TAA1A, dispersion curve may be related to transition of the extended phonon modes to confined ones. The thin solid lines in the shaded region of Fig. 4 denote the dispersions of the con6ned torsional mode. The dispersions of the resonant modes are linked to those of the confined torsional mode at the bulk-TAA~~, dispersion curve as we expected. Then we can attribute the substantial increase of amplitude in the wire to the transition of extended phonon modes to conGned phonon modes.
B. Dilatational mode
The dilatational phonon mode is the other azimuthal There are two kinds of peaks in this frequency region: one is the small peaks which appear in the lower frequency side of the region, and the other is the large peaks which appear in the higher frequency side. The small peaks are broad and their heights are approximately unity. However, the small peaks become spiky and larger as they near the bulk-TAA1A, dispersion. These features of the small peaks suggest that the resonant dilatational phonon modes are the same kind of resonant torsional modes and are related to the confined dilatational phonon mode.
In contrast to the small peaks, the large peaks are always spiky, independent of the bulk-TA~~A, dispersion, and are an order of magnitude larger than the small peaks, which means extremely large amplitude in the wire. In the frequency region u ) qvA1A, z,~, the LA waves become real waves in both the wire and surrounding medium. Then, the six waves are connected at the wiresurrounding interface so that they satisfy the boundary conditions. Since four boundary conditions are applied on the displacement and stress fields, two coefBcients can be taken arbitrarily. For example, any combinations of arbitrary y~o and y~~a re permitted. Then, we examine the extended phonon modes in the following two cases:
(1) when the displacement in the wire is solely attributed to an LA wave and (2) when it is attributed to a TA wave. The ratio F oscillates with frequency as in the case of the torsional mode (Fig. 3) , and the peak heights are approximately unity, irrespective of the polarization of the mode in the wire. We observe the same kind of oscillation of the E for Rnite longitudinal wave numbers qB. Fig. 11(b) tude in the wire or ratio E of the quasiconfined phonon modes decreases with mixing of the TA wave component, and the quasiconfined mades disappear in case [C] , where there is no contribution of the LA wave to the flexural mode. The facts confirm that the LA wave is essential to the quasiconfined phonon modes. Figure 12 shows the dispersions of the resonant flexural modes of case [B] with n = 1 together with the dispersions of the confined flexural mode with n = 1. Here, we note that the mixture of dispersions of cases [A] 
Substituting Eqs. (14) and (17) The frequency dependence of each phonon mode is different from that of the bulk phonons in the Debye approximation. This is because the rotational symmetry order of phonon modes is fixed. Therefore, the w dependence of the DOS for 3D bulk phonon systems is recovered by summing the DOS of all the phonon modes. The total DOS, D(w), is given by In this paper, we analytically investigated. the resonant acoustic-phonon modes in a cylindrical GaAs quantum wire within bulk AlAs, paying special attention to the displacement in the wire region. The extended acousticphonon modes are the coupled modes of the LA and TA waves, classified into torsional, dilatational, and. flexural phonon modes according to the rotational symmetry of the modes. The displacement in the wire region is suppressed or enhanced in comparison with that assuming the plain bulk systems without @1Dwires. The enhancement of displacement in the wire region is attributed to the resonant modes related to the wire dimensions. There are two kinds of resonant modes: one is the quasicon-G.ned phonon modes and the other is entirely extended phonon modes. The quasiconfined phonon modes have substantially large displacement in the wire region, in contrast to the entirely extended phonon modes. These resonant modes have dispersion relations with subband structures similarly to the confined phonon modes in a free-standing wire. These results lead to the conclusion that, in the wire region, the extended phonon modes have characters of con6ned phonon modes in a free-standing wire rather than the usual bulk phonon modes, although a 3D bulk character was assumed for acoustic phonons in most studies of electron scattering.
We have shown that the amplitude in the wire of the extended acoustic-phonon modes is substantially modulated, depending on frequency and the longitudinal wave vector. Considering the electron-phonon interaction, the large/small amplitude in the wire will result in enhancement/reduction of the coupling, regardless of the type of interaction. In addition to the modifications in amplitudes in a wire, the DOS of phonons associated with electron scattering has diferent frequency dependence from that of the usual 3D bulk phonons. Thence the phonon modes peculiar to the QlD wire systems, including the con6ned phonon modes, are expected to cause further modifications in electron transport phenomena.
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